Combustion noise comprises two components: direct combustion noise and indirect combustion noise. The latter is the lesser studied, with entropy noise believed to be its main component. Entropy noise is generated via a sequence involving diverse flow physics. It has enjoyed a resurgence of interest over recent years, because of its increasing importance to aero-engine exhaust noise and a recognition that it can affect gas turbine combustion instabilities. Entropy noise occurs when unsteady heat release rate generates temperature fluctuations (entropy waves), and these subsequently undergo acceleration. Five stages of flow physics have been identified as being important, these being (a) generation of entropy waves by unsteady heat release rate; (b) advection of entropy waves through the combustor; (c) acceleration of entropy waves through either a nozzle or blade row, to generate entropy noise; (d) passage of entropy noise through a succession of turbine blade rows to appear at the turbine exit; and (e) reflection of entropy noise back into the combustor, where it may further perturb the flame, influencing the combustor thermoacoustics. This article reviews the underlying theory, recent progress and outstanding challenges pertaining to each of these stages.
Introduction
Combustion noise comprises two components: direct combustion noise and indirect combustion noise. Gas turbine geometries have a particular propensity to indirect combustion noise; it is becoming increasingly relevant to both aero-engine exhaust noise and gas turbine NO x emissions. Indirect combustion noise comprises entropy noise and vorticity noise, with entropy noise believed to be the major component for combusting flows.
Unsteady heat release rate, such as arises from unsteady fuel combustion, leads to unsteady volume expansion. This acts as an acoustic ''monopole'' source, [1] [2] [3] [4] [5] [6] generating acoustic waves known as ''direct combustion noise.'' Unsteady heat release rate also generates temperature variations, known as ''hot spots'' or entropy waves, which may eventually go on to generate entropy noise. Entropy waves advect with the local flow velocity -they are swept downstream with the flow. In a non-accelerating flow, it is known that linear flow fluctuations can be decomposed into acoustic, entropy and vorticity waves, which do not interact. 7 This means that the entropy waves are silent. However, when entropy waves are accelerated, regions of fluid with different densities undergo a volume contraction, as shown diagrammatically in Figure 1 . This invokes a fluctuating force, which acts as an acoustic ''dipole'' -a second source of noise. 1, 8 It is this second noise source, resulting from entropy wave acceleration, that is known as ''entropy noise'' or ''indirect combustion noise.'' the former is likely to be more significant for two reasons: first, unsteady combustion generates large temperature fluctuations, and therefore entropy waves, and second, viscosity increases dramatically at large temperatures, dissipating large turbulent scales downstream from the flame. For this reason, the terms ''indirect combustion noise'' and ''entropy noise'' have sometimes been used interchangeably. Here, we use the term ''entropy noise'' for clarity, although the flow physics by which vorticity noise is generated is very similar.
A flow acceleration for converting entropy fluctuations into acoustic fluctuations may be provided by a nozzle (see Figure 1 ) or a turbine blade row (see Figure 2 ). Simple experiments on entropy noise tend to concentrate on the former, while gas turbine geometries exhibit the latter. The flow Mach number in a gas turbine combustor tends to be roughly 0.1-0.2 downstream of the flame; low enough to keep the flame attached to the burner. As the flow passes from the combustor through the first turbine stator row (the nozzle guide vane (NGV)), the flow Mach number increases rapidly, often to a condition very close to choked or Mach 1, as shown in Figure 2 . 11 This rapid increase in Mach number, and hence strong acceleration, explains why gas turbine geometries have a strong propensity to entropy noise. Subsequent turbine blade rows also exhibit flow acceleration, with the potential for further generation of entropy noise.
When an entropy wave undergoes acceleration, one component of the generated entropy noise propagates back upstream toward the flame, while the other propagates downstream, away from the flame. The upstream propagating component will reach the flame, further contributing to the feedback loop that can lead to thermoacoustic instability. This will be further discussed in the section ''Reflected component of entropy noise and its effect on combustion instability''. For a gas turbine containing a series of turbine blade rows, both the downstream propagating acoustic wave and the entropy wave (which, for a one-dimensional flow, passes through the original blade row unaltered) go on to cause subsequent generation of acoustic waves as they are subject to further blade row accelerations. 12 Eventually, entropy noise will propagate from the turbine exit, contributing to exhaust noise in the case of aeroengines.
After much of the early work of the 1970's, 3, 8, [12] [13] [14] entropy noise has seen a resurgence in research interest over the last decade. This is for two primary reasons:
. Combustion noise is becoming an increasingly important component of aero-engine exhaust noise. 6, 15 The downstream propagating component of combustion noise is emerging as an audible aero-engine noise source, particularly at take-off, largely due to reductions in jet noise. 16 The Advisory Council for Aeronautics Research in Europe (ACARE) is committed to reducing aircraft noise by 65% by 2050 compared with 2000 levels. 17 Such significant reductions require a range of noise sources to be reduced, including fan noise, airframe noise and combustion noise -they cannot be achieved by targeting jet noise alone. 16 . Entropy noise affects the thermoacoustic stability of the combustor. This is true for both aero-engine and land-based power gas turbines. Achieving low NO x combustion is important for air quality near power stations and airports -this is exemplified by the ACARE Flightpath 2050 target of reducing aviation NO x emissions by 90% by 2050, compared with 2000 levels. 17 However, low NO x requires lean premixed combustion, and this is highly susceptible to thermoacoustic instabilities, also known as combustion instabilities. [18] [19] [20] These arise due to a two-way coupling between the acoustic waves and unsteady heat release rate in the combustor, and are typically associated with destructive levels of self-excited oscillations. The presence of the reflected component of entropy noise affects this thermoacoustic behaviour.
The mechanism of entropy noise generation and the relevance of the downstream and upstream travelling components is summarised schematically in Figures 3  and 4 . Entropy waves are essentially temperature fluctuations, as will be shown in the Section ''Generation of entropy waves at the flame''. This means that attempts to experimentally characterise entropy noise via measurement of entropy waves are frustrated by the well-known problem that measuring temperature fluctuations at high frequencies is extremely challenging. Unsteady temperature measurements have been performed using either small fast-response thermocouples [21] [22] [23] [24] or laser vibrometers. 23 The former technique is limited to frequencies below $100 Hz (the cutoff frequency decreases with thermocouple wire thickness), and less harsh environments, while the latter tends to suffer contamination from rig vibration. Optical laser-based techniques are often the only viable option at moderate frequencies, severely hindering experimental progress. A further challenge is that of distinguishing between entropy noise and direct combustion noise, as unsteady heat release will always generate both. In the context of thermoacoustic instabilities, an energy norm (the simplest being the well-known Rayleigh criterion 25 ) is sometimes used as a marker for instability. The contribution of entropy waves to the energy norm has been considered by Cantrell and Hart, 26 Morfey 27 and more recently Nicoud and Poinsot. 28 However, the focus within this review is entropy noise; that is, the acoustic waves generated by downstream acceleration of entropy waves.
In this article, we review theory, recent contributions and outstanding challenges relating to entropy noise.
The structure of the article will follow the chronological order of events implied in the schematic of Figure 4 . That is, the first section will focus on the generation of entropy waves at the flame, the second on the advection of entropy waves through the combustor, the third on the acceleration of entropy waves to generate entropy noise, the fourth on the passage of waves through the turbine and the fifth on the reflection of entropy noise back into the combustor, where it can affect combustion instability.
Note that several recent reviews on combustion noise 6, 15 span both: ''direct combustion noise'' and ''entropy noise,'' generally with more detail on the former. As the phenomenon of entropy noise invokes a unique combination of flow physics, this review focusses specifically on elucidating this, bringing clarity to where progress has been made and where outstanding challenges remain.
Generation of entropy waves at the flame
The equation describing the conservation of energy in a compressible flow is; where , e, u, p, q, k, T and ij are the fluid density, internal energy per unit mass, velocity, pressure, heat release rate, thermal conductivity, temperature and viscous stress tensor, respectively. Combining with the thermodynamic relation, Tds ¼ dh À dp=, where s and h are entropy and enthalpy, respectively, the entropy in the flow is governed by the following equation: 29, 30 T Ds Dt
Ds/Dt represents entropy advection, which will be discussed in the following section. 
, which when combined with the ideal gas relation gives
In or downstream of a combusting flow, the normalised temperature fluctuations will be much larger than the normalised pressure fluctuations, hence s 0 =c p ' T 0 = " T, and entropy and temperature fluctuations are seen to be linearly related.
Returning to equation (2) , which governs the generation and transportation of entropy, by linearising and assuming constant k we obtain,
The assumption of a non-diffusive flow is often made, in which viscous effects and temperature gradients are neglected. These are strong assumptions, whose validity in the context of combustion, with large temperature gradients and intensified viscosity, is uncertain. At low frequencies, the acoustic waves that propagate in a constant area duct will be plane and one-dimensional. 29, 31 Assuming plane wave flow perturbations and non-diffusive flow throughout, equation (4) simplifies to the expression derived by Dowling et al., 32 " Ds
Note that generation of entropy waves arises from an unsteady heat release rate, irrespective of whether this is generated by premixed flame or non-premixed flame mechanisms. Karimi et al. 33 showed that the form of equation (5) acts as a low pass filter. An effective ''corner frequency'' exists, below which significant entropy generation occurs, and above which entropy generation diminishes and the main effect of unsteady heat release rate is to generate sound. The value of this corner frequency can vary widely.
In most practical applications, the flame can be assumed acoustically compact since the dimensionless frequency verifies ¼ fL f =c ( 1, where L f is the characteristic length of the flame, f the acoustic frequency and c the mean speed of sound. For linear, plane flow disturbances passing through an acoustically compact flame, as in Figure 4 , Dowling 34 showed that the generated entropy wave is given by equation (6), where the subscripts c and h denote (cold) upstream and (hot) downstream of the flame, respectively, and ½ h c denotes the difference between the upstream and downstream variables:
For low Mach number mean flows (and noting that the product " u h s 0 remains finite, even when " u h ! 0), this simplifies to an expression depending only on perturbations of the unsteady heat release rate, Q 0 and the upstream velocity, u 0 c .
Equation (7) has been used to study the effect of the generated entropy on combustor thermoacoustics, both in analytical models 34, 29 and in Helmholtz solvers. 35 Note that for Helmholtz solvers, which assume strictly zero mean flow, some interesting implications of the generated entropy wave being ''frozen'' in the flame region are discussed by Bauerheim et al. 36 The expressions for the generated entropy wave have been written out explicitly above. It is also possible to deduce the entropy wave strength implicitly via a matrix method, as often occurs within low order network methods for combustor thermoacoustic stability analysis. 37, 38 This can be illustrated through the example of the combustor in Figure 5 . To derive these network models, the one-dimensional linearised Euler equations (LEE) of a homogeneous mean flow are recast as
where x is the axial coordinate of the one-dimensional system. This decomposition gives two acoustic waves A þ and A À , propagating at speeds u þ c and u À c, respectively, and an entropy wave s 0 advecting at speed u, which is decoupled from the two acoustic waves. 29, [37] [38] [39] Assuming there are no entropy waves upstream of the flame, there are then six unknowns -five wave strengths (the two acoustic waves either side of the flame,
, and the entropy wave downstream of the flame, s 0 ) and the unsteady heat release rate q 0 . The pressure, density and velocity fluctuations either side of the flame can be written in terms of the wave strengths, with the entropy wave strength appearing only in the downstream density fluctuation:
This equation captures both the definition of entropy, and the fact that downstream of combustion entropy fluctuations advect with the flow. Three equations are provided by the quasi-steady relations for the conservation of mass, momentum and energy across the flame, 40 two by the boundary conditions at either end of the combustor, and one by a ''flame model'' prescribing how q 0 depends on the upstream wave strengths. 41 There is then sufficient information to deduce all wave strengths, including the entropy wave strength, in response to input forcing of any other variable. 38 
Advection of entropy waves through the combustor
Between the flame, where they are generated, and the turbine inlet, where they are accelerated, entropy waves are subject to advection through the combustor flowfield. The transportation of entropy waves is governed by equation (2), where q ¼ 0 downstream of the flame. For acoustic waves, it is a good approximation that at low frequencies and in longitudinal combustors, only plane waves propagate (with plane and circumferential acoustic waves propagating in thin annular combustors). 29, 31 However, the assumption of low-dimensionality for entropy waves is dubious; the mean velocity field varies spatially due to the viscous effects -boundary layers, wakes, etc. There is also the potential for large turbulent velocity fluctuations.
Despite this, the vast majority of entropy noise work has either assumed that (a) the advection process is 1-D, so that entropy waves reach the turbine inlet unaltered from the form in which they were generated at the flame, other than for an advective time delay or (b) that the turbulent flow field disperses or dissipates entropy waves sufficiently that their strength at combustor exit can be neglected. That is, models generally either assume that entropy waves are unaffected by the turbulent advection process, or that they fail to reach the combustor exit at all. This is despite the fact that simulations of full combustion chambers suggest that significant entropy waves may survive until combustor exit. 42 Sattelmayer 43 was the first to propose an analytical model for the dispersion of scalar perturbations such as equivalence ratio and entropy fluctuations. The probability density function (PDF) of the variation in ''residence time'' or ''delay time'' between the flame and a cross-section downstream of the flame was shown to be the equivalent to the response at this location to an input impulse, ðtÞ, at the flame. For an experimental combustor, with the temperature fluctuations characterised using thermocouples and the velocity profile with Particle Image Velocimetry (PIV), this PDF was modelled as a rectangle with width 2Á centred about the mean residence time s , with height such that the integral remained unity. Both Sattelmayer 43 and Eckstein et al. 22 concluded that entropy waves were likely to disperse before reaching the end of the combustor. Goh and Morgans 39 extended this modelling approach to include a dissipation factor, k < 1, where k represents the integral of the impulse response.
To better understand the effect of advection within a turbulent flow on the entropy wave strength, Morgans et al. 30 studied the advection of a passive scalar in turbulent channel flow simulations using direct numerical simulation. Assuming transport in a constant area channel downstream of any heat sources, so that q ¼ 0, and for constant k and viscosity , equation (4) can be simplified, in non-dimensional form ð Þ , to
Re ¼ UL= is the Reynolds number, Pr ¼ c p =k is the Prandtl number, ij ¼ ij = and ij ¼ ij =ðU=LÞ.
They defined any loss in entropy wave strength caused by spatial variations in the advective operator on the lefthand side as shear-dispersion, and any loss in strength due to (negative) contributions from the right-hand side as dissipation. They found that entropy waves are not dissipated by the turbulent flow, only undergoing sheardispersion due to spatial variations in the mean velocity. Turbulent fluctuations have negligible effect. The impulse response characterising the entropy wave strength at combustor exit in response to an impulse, ðtÞ, at the flame, was found to be better approximated by a Gaussian profile than a rectangle, as shown in Figure 6 and equation (13), where A is the height of the Gaussian and
This is convenient as it also yields a Gaussian form for the flame-to-turbine frequency response. The features of this Gaussian can be deduced directly from the mean turbulent velocity profile. Morgans et al. 30 concluded that, for typical gas turbine geometries, entropy wave dispersion would be weak enough for significant entropy wave strength to remain at combustor exit. This Gaussian model has been embedded in at least one low-order network tool for thermoacoustic instability modeling. 38 As yet, the effect of more complex swirl-stabilised combustor flow features, such as vortex cores and recirculation zones, on the advection process, has not been studied. Because of the importance of the advection process on the eventual noise generated, this is an area likely to see further work in the future.
Acceleration of entropy waves to generate entropy noise
The phenomenon of sound generation due to flow inhomogeneities was qualitatively described by Lord Rayleigh in chapter XV of his 1896 book. It was almost 80 years later that Morfey 44 established a mathematical framework for this. The concept of ''excess density'' introduced by Lighthill 45 -the density fluctuation component not associated with acoustic waves was used as a basis for explaining how the acceleration of non-uniform density perturbations generated sound.
These entropy inhomogeneities were incorporated into Lighthill's acoustic analogy, 46 and the entropy noise generated in low Mach number flows predicted using Green's function approaches. 47, 48 More recent work 49 has combined the Green's function approach with rapid distortion theory and numerical simulations under low Mach number conditions.
To address entropy wave acceleration to higher Mach numbers, the complications of the Green's function technique were avoided by performing one-dimensional analyses of the LEE for ''compact nozzles.'' The now seminal work of Marble and Candel 8 assumed that the perturbation wavelengths were much longer than the spatial extent of the nozzle area change (i.e. the nozzle length). Linear, low frequency perturbations are then effectively accelerated through an abrupt area change in a quasi-steady manner, as shown in Figure 7 .
The quasi-steady form of the LEE allows the normalised mass flow rate fluctuation, 
For a choked nozzle, these matching conditions collapse to a boundary condition that can be applied separately to the upstream and downstream flows. For both choked (''supercritical'') 8 and subsonic (''subcritical'') 8, 13 nozzles, reflection and transmission coefficients for the (plane) acoustic waves generated when either plane acoustic or entropy waves are incident on the nozzle are provided, in terms of the mean flow Mach numbers either side of the nozzle. It was this work that first introduced the concepts of ''direct'' and ''indirect'' combustion noise.
The Marble and Candel 8 work mainly applied to linear perturbations in the zero-frequency limit. Leyko et al. 50 compared direct noise and entropy noise for a simple nozzle acceleration, analytically and using Euler simulations. They found that the compact assumption holds up to acoustically non-dimensional frequencies of approximately 0.2, and that for typical large nozzle accelerations (high subsonic, M > 0.7, or supersonic Mach numbers), entropy noise will substantially exceed the direct noise contribution.
Much recent work has focussed on relaxing the assumptions made by Marble and Candel. For example, Huet and Giauque 51 extended the analysis to nonlinear perturbations in the compact limit, while several studies have provided motivation for relaxing the lowfrequency, compact assumption. 50 , 52 Marble and Candel 8 themselves considered a linear mean velocity profile in a one-dimensional nozzle (requiring a specific nozzle geometry) and solved this using a hypergeometric solution. This approach was later extended by Moase et al. 53 and Giauque et al. 54 to piecewise-linear mean velocity profiles, with which any nozzle geometry could be discretised using linear mean velocity segments.
An alternative approach by Stow et al. 55 extended the Marble and Candel method to higher frequencies for general nozzle geometries, subject to the nozzle being choked. An asymptotic expansion in non-dimensional frequency was applied to the LEE for a choked nozzle. This yielded an equivalent nozzle length, allowing a first-order correction to the phase for the reflection coefficient of choked nozzles. The method was implemented in a thin annular configuration, allowing for the prediction of reflected entropy noise in both plane and circumferential modes. The ''equivalent nozzle length'' method was further developed by Goh and Morgans, 56 who obtained the phase correction of the transmission coefficient of a choked nozzle (with and without a shock wave) for both acoustic and entropy waves in the case of 1-D plane waves.
A powerful approach which can be used to predict the entropy noise generated at any frequency, and for both choked and subcritical nozzles, was recently developed by Duran and Moreau. 57 The starting point is the full set of LEE, in one spatial dimension.
Note that the entropy term appears as a ''source'' in the momentum equation (equation (17)) when there is a velocity gradient. A change of variables is applied, such that the variables which are conserved in the compact, zero-frequency limit, _ m 0 = " _ m, T 0 t =T t and s 0 =c p (see equations (15)), replace pressure, p 0 =ð " pÞ, velocity, u 0 = " u and entropy, s 0 =c p , in equations (16) to (18) . The LEE can then be expressed in matrix form as, 
½I ¼
where is non-dimensional frequency, x is distance along the nozzle, L is the nozzle length andÂ is a 3 Â 3 matrix containing mean flow variables, which depend on the mean axial coordinate only. Note that in the compact limit ( ¼ 0) equation (19) is equivalent to the jump conditions of equation (15). Duran and Moreau showed that equation (19) can be solved using Magnus expansions. 57 Thus, the transfer functions, including the entropy noise transfer functions, of any quasi one-dimensional nozzle geometry up to any frequency, for both supercritical and subcritical nozzles, can be predicted. The effectiveness of this approach for predicting the real and imaginary parts of the nozzle admittance (i.e. the inverse of the impedance, Y ¼ 1=Z ¼ " " cðu 0 =p 0 Þ 0 ), for three different nozzle geometries is shown in Figure 8 . The nozzle geometries are described by Duran and Moreau 57 and Zinn et al.; 52 they have the same inlet Mach number and a choked outlet, but with different convergent lengths. Although this comparison shows the effect of acoustic waves rather than entropy waves incident on the nozzle, the correct frequency dependence is clearly captured. Note that the compact assumption would predict only the zero frequency point. This approach has recently been extended to circumferential modes in annular combustors, where it correctly predicted that accelerating a circumferential entropy wave generates a vorticity wave, as well as acoustic waves. 58 Experimental measurements of entropy noise and direct combustion noise for a nozzle acceleration are important to validate the models and prediction tools.
However, there have been very few experimental studies, due to the challenges posed by fast temperature measurements. The Entropy Wave Generator (EWG) rig, developed by the German Aerospace Centre (DLR) and shown in Figure 9 , 23 focussed specifically on the generation of noise by the acceleration of entropy waves, while avoiding the harsh environments created by combustion. It used an electrical heating device to generate pulsed heat release rate fluctuations, with the resulting temperature pulse measured using a laser vibrometer and ''fast'' thermocouple. The heated flow then passed through a convergent-divergent nozzle, providing flow acceleration. Both subsonic and supersonic flows with a shock wave could be achieved. The difference in time between the acoustic wave propagation and the entropy wave advection could be used to provide evidence of entropy noise.
When operating the EWG under supersonic nozzle conditions, measurements agreed with analytical 8 and numerical 59 predictions, confirming that entropy noise dominates over direct combustion noise. Under subsonic conditions, analytical studies by Howe 60 and numerical studies 54, 61 suggest that the direct noise mechanism, combined with imperfect downstream reflections, is the main source of the measured noise, and that entropy noise is less significant.
As yet, models for comparing direct combustion noise and entropy noise have not fully combined state-of-the-art models for entropy wave generation and advection with those for entropy wave acceleration. It would be interesting to see how the combustion noise sources compare when these models are combined. Figure 8 . The acoustic admittance, Y of three different nozzle geometries, as measured experimentally 52 (, Á and «) and predicted 57 (_______, ---and Á Á Á). 0 is a non-dimensional frequency. Source: reproduced with permission. 57 
Passage of entropy noise through turbine
In a real gas turbine geometry, entropy waves are accelerated not through a nozzle, but through a series of blade rows. The mean flow turns as it passes through each blade row, meaning that there are at least two velocity and momentum components as well as a fluctuating blade row force.
Cumpsty and Marble 12 proposed a method for solving the blade row problem using an actuator disk method, which built on the compact approach of Marble and Candel. 8 This considered flow fluctuations to be plane both upstream and downstream of the row (although with an angle change across the row), undergoing a discontinuous jump in strength across the row, as shown in Figure 10 .
For a stator row, the mass flow rate, stagnation enthalpy (temperature) and entropy are matched between the blade row inlet and outlet. The fourth condition comes from either applying the Kutta condition at the blade row exit for subsonic flow or applying choked condition for supersonic flow. The Kutta condition fixes the flow deflection angle at the blade row exit to match that of the blade trailing edges, and is usually relaxed using a small parameter . The system of equations then reads,
The procedure is identical for a rotor row, except that rotating frame quantities such as rothalpy are used instead. A vector of wave strengths can be defined as 
where the z-direction is out of the page. For subsonic flow, the equations relating the wave strengths either side of the first stage in Figure 11 , between stations (1) and (2), can be deduced from equation (20) and written in matrix form as In a similar manner, by assuming compact relations across blade rows and non-compact transport between rows, the interactions across and between all of the blade rows in Figure 11 can be written as
where the wave strengths between blade rows are related by a 4 Â 4 matrix T, which follows from wave propagation/advection. The combined effect of several blade rows is captured via manipulation of the matrices. For example, equations (22) can be combined to give a relation between the wave strengths entering and leaving the system:
Typically, the inlet entropy, z-vorticity and downstream-travelling acoustic waves along with the exit upstream-travelling acoustic wave are known. The upstream-propagating acoustic wave at the inlet, together with the exit entropy, vorticity and downstream-travelling acoustic waves must be deduced. The procedure used to solve the system of equations involves arranging the matrix equations to obtain a 4 Â 4 system that can be solved. 12, 14 The method can be extended to many blade rows; the matrix equation to be solved will always collapse to a 4 Â 4 system. Cumpsty and Marble 12, 14 used this method to predict low-frequency engine core noise, finding that their predictions agreed well with acoustic data collated from the Rolls-Royce Spey 512, Olympus 593 and Pratt and Whitney JT8D-9 gas turbines. This provided circumstantial evidence that entropy noise affects real gas turbines. The analytical method was also validated using numerical simulations by Leyko et al. 62 and Duran and Moreau, 63 showing that the method is able to predict More recent work on turbine stages performed by Miles 64 used a coherence/time delay analysis to show that entropy noise is likely to be dominant at low frequencies. Tam et al. 65 suggested that direct combustion noise dominates for auxiliary power units, although these are significantly different from turbofan engines. Simple single stator-rotor simulations also suggest that entropy noise is important, with predictions from compact models being accurate at low frequencies. 63 Shear-dispersion attenuation mechanisms, as described in the context of the combustor in the section ''Advection of entropy waves through the combustor'', continue to provide attenuation within the turbine. 62 The TEENI project 15 underway currently in Europe will look in detail at the noise components present in turboshaft engine full-scale tests.
One challenge that has been addressed for nozzle flows, but not yet for blade row flows, is the development of frequency-dependent predictive tools. Mishra and Bodony 66 performed a numerical blade row study, which showed that compact actuator disk methods are only accurate at low frequencies. However, the current state-of-the-art for predicting the entropy noise generated by blade row acceleration continue to assume that the blade row is compact, even though this assumption has now been fully relaxed for nozzle flows.
Reflected component of entropy noise and its effect on combustion instability
Unsteady heat release rate at the flame generates acoustic waves and entropy waves. Both may result in acoustic waves returning to further perturb the flame, giving the potential for thermoacoustic instability. 21, 29, 67, 68 Many of the early tools for predicting thermoacoustic combustor modes accounted only for the direct acoustic waves, neglecting acoustic waves generated by entropy wave acceleration. This is justifiable for many of the laboratory-scale combustors, such as Rijke tubes, which have open ends and so do not exhibit entropy wave acceleration. 31 However, for real gas turbine geometries or more realistic combustor rigs with constricted downstream boundaries, both sources of upstream travelling acoustic wave should be accounted for. 21, 24, 69, 70 The mechanisms by which the directly generated acoustic waves may return to the flame (e.g. acoustic wave propagation downstream ! acoustic wave reflection ! acoustic wave propagation upstream) generally exhibit much faster timescales than mechanisms involving entropy noise, due to the ''slow'' nature of the advection between the flame and combustor exit. It is therefore unsurprising that several analytical, experimental and numerical studies have identified that entropy noise introduces extra low frequency thermoacoustic combustor modes. 21, 29, 67, [71] [72] [73] [74] For example, aero-engine combustors with fuel-spray atomisers are particularly susceptible to a low-frequency oscillations in the range 50-120 Hz at idle and sub-idle conditions, commonly called ''rumble.'' In many cases, these are likely to be associated with entropy noise modes. 75, 76 This occurs for two main reasons: first, fuel-spray atomisers are likely to generate larger mixture ratio fluctuations, and therefore larger entropy waves. Second, the combustion process in a fuel spray is much slower, since it involves atomisation, evaporation and mixing of the fuel prior to combustion. This means that the time-delay of the flame is likely to be larger, and therefore more likely to couple with a low-frequency mode such as a mixed entropy-acoustic mode, rather than a purely acoustic one (which presents a larger frequency, due to the low Mach number in the combustion chamber).
However, for many combustors, the growth rates associated with the low frequency entropy noise modes are so low that they are highly unlikely affect the combustor thermoacoustics in any meaningful way. Dowling and Stow 29 showed that when including the entropy wave in the analysis, the number of modes increases, but most of them remain stable, as seen in Figure 12 . Goh and Morgans 39 performed an analytical study, which investigated the effect of entropy noise on the ''most unstable'' modes of several model combustors -these were modes present even in the absence of entropy noise. They found that entropy noise could affect these most unstable modes in a variety of possible ways. They could:
. Destabilise otherwise stable modes. . Stabilise otherwise unstable modes. . Cause mode switching -a change in the dominant unstable mode. . Cause an acoustic-entropic instability in which heat release rate amplitudes stay small, even when the acoustic and entropy wave amplitudes successively increase.
As an example, the frequencies and growth rates of the two most unstable modes for a model combustor are shown in Figure 13 , as a function of a parameter, k, representing the amount of entropy wave accounted for. k ¼ 0 represents no entropy waves reaching the end of the combustor, and hence no entropy noise, while k ¼ 1 represents entropy waves reaching the combustor in the form that they were generated at the flame, other than for an advective time delay. 39 It can be seen that as the proportion of entropy waves accounted for is increased, the growth rates of both modes transition from being negative to positive, representing a change in combustor stability from stable to unstable. The frequencies are not strongly affected, other than for a mode switch in the second most unstable mode.
In typical gas-turbine geometries, dimensionless entropy waves are usually larger than dimensionless acoustic waves. 50 This means that, as the thermoacoustic instability grows in amplitude, the entropy wave is likely to experience non-linear effects sooner, governing (in combination with the non-linearity of the flame) the evolution of the thermoacoustic mode and the limit cycle amplitude. The non-linear effect of indirect combustion noise has been studied only recently by Huet and Giauque, 51 and its effect on the feedback loop and on the non-linear instability remains an open question. The effect of entropy noise on thermoacoustic instability when accounting for realistic entropy wave advection within the combustor and non-linear effects is an area likely to see further work in the near future.
Conclusions
Entropy noise is believed to be the major component of indirect combustion noise for combusting flows. It involves a diverse range of flow physics, and has enjoyed a recent resurgence of interest, because of its increasing importance to aero-engine exhaust noise and a recognition that it can affect gas turbine combustion instabilities. Entropy noise occurs when unsteady heat release rate generates temperature fluctuations (entropy waves), and these are subsequently accelerated to generate noise which propagates both upstream and downstream of the acceleration zone. Because gas turbines consist of a low Mach number combustor flow, in which unsteady heat release (and hence entropy waves) are generated, followed by a strong flow acceleration through the turbine rows, they have a particular propensity to entropy noise.
This article has described the flow physics associated with the five stages, which are key to the entropy noise phenomenon:
. Generation of entropy waves by unsteady heat release rate (typically at the flame). . Advection of these entropy waves through the combustor (typically with negligible acceleration). . Acceleration of entropy waves through either a nozzle or a blade row to generate entropy noise. . Passage of the entropy noise through a succession of turbine blade rows (including subsequent acceleration of the entropy wave though downstream blade rows to generate more entropy noise) to appear at the turbine exit. , choked inlet with entropy and vorticity waves included; x, choked inlet with entropy and vorticity waves assumed to dissipate before combustor exit. Source: reproduced with permission from the authors. 29 Figure 13 . The frequency and growth rate of the two most unstable modes of a model combustor as a function of k, the proportion of generated entropy wave accounted for. x¼ frequency, ¼ growth rate. This is a modified version of a figure in ref.
. Reflection of entropy noise back into the combustor, where the relevant acoustic waves may further perturb the heat release rate at the flame, influencing the combustor thermoacoustic modes.
It has reviewed underlying theory, recent progress and outstanding challenges pertaining to each of these five stages.
A long-standing challenge, which spans all of the stages and has yet to be overcome, is associated with measuring temperature variations at moderate frequencies. The lack of simple methods available for unsteady temperature measurements has hindered both fundamental experimental studies, and entropy noise measurement at larger scales. This includes distinguishing between direct and entropy noise, as direct noise and entropy waves are always generated in tandem. For entropy wave generation, a fundamental open question concerns the validity of the widespread assumption of non-diffusive flow. For entropy wave advection, the main outstanding challenges pertain to the effect of real combustor hydrodynamic flow features on the advection process: these have not yet been considered in any detail. For both entropy noise generation and passage of entropy noise through blade row stages, powerful predictive tools for the noise generated by a nozzle acceleration have been developed, but analytical methods for noise generation by a blade row acceleration remain restricted to those employing a zero frequency assumption. Thus, entropy noise generation by blade row acceleration is an area ripe for future research. It is also worth noting that there are unexplored opportunities in combining predictive advances across the different flow physics. For example, the frequency dependencies of the separate entropy wave generation, advection and acceleration processes have been estimated, but not as yet combined to assess the overall frequency dependence of entropy noise generation. This is especially important in assessing the effect of entropy noise on the thermoacoustic stability of combustors. Finally, the relative importance of the two indirect noise mechanisms, entropy noise and vorticity noise, in real three-dimensional geometries sustaining higher order modes, is only just beginning to be quantified.
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